It is known that the vibration impulses occurred from a bearing defect are non-periodic but cyclostationary due to the slippage of rollers. The vibration status is often perceived to be synonymous with quality and thus used for predictive maintenance before breakdown. As a result, the analysis of vibration has been used as a key condition tool for fault detection, diagnosis, and prognosis. Any defect in a bearing causes some vibration that consists of certain frequencies depending on the nature and location of the defect. Although many techniques for time-frequency analysis are reported to measure vibration signals, they were found less efficient in practical applications. For this reason, this article develops an on-line bearing vibration detection and analysis using enhanced fast Fourier transform algorithm. The relation between major vibration frequency and dispersed leakage caused from fast Fourier transform can be induced, and it is then used to establish a mathematical model to find major frequencies of vibration signal. Also, the dispersed energy can be collected to retrieve its original gravitational acceleration. The proposed model is developed using a simple arithmetic operation based on fast Fourier transform so that it is feasible for more efficient calculation in impulse signal analysis. Both measurement calibration and practical results verify that the proposed scheme can achieve accurate, rapid, and reliable outcomes.
Introduction
The rolling bearings are being applied almost in every type of rotating machinery. With improvement in modern manufacturing technology and materials, the bearing fatigue life is not the limiting factor of failures in service. Instead, many bearings' premature malfunction may occur from unbalance, misalignment, surface roughness, geometrical imperfections, discrete defects, contamination, and extreme temperature. In the past, machinery vibration was often located at low frequency, perhaps 100 Hz or below. Nowadays, modern technology has moved the level of surface imperfections within the order of nanometers; significant vibrations may still be generated within the frequency range between 20 Hz and 20 kHz. [1] [2] [3] As a fault of rolling bearings begins to develop, the resulting pulses of vibration known as the bearing frequencies repeat periodically. A greater increase in a band of high-frequency vibration may appear before a rolling-element bearing burnt out. Accordingly, the condition monitoring for the detection of degrading bearings before breakdown has been a crucial task in machinery industry. [4] [5] [6] [7] Different methods such as vibration, acoustic, temperature, and wear debris analysis have been reported for detection and diagnosis of bearing defects. Among these, vibration measurement focused on spectral analysis is the most widely used approach for bearing defect detection. [8] [9] [10] [11] [12] [13] [14] Both low-and high-frequency ranges of the vibration spectrum are of interest in assessing the condition of the bearing. The conventional discrete Fourier transform (DFT) is a popular tool in spectrum analysis. If the vibration events are under the stationary conditions, it is efficient. The advent of fast Fourier transform (FFT) has made spectra measurement easier and more efficient. In practice, however, the interested realistic signals such as defective rolling-element bearings are usually cyclostationary and non-stationary. The limitation of the DFT or FFT makes it unable to resolve the time dependence of the signal spectrum. [15] [16] [17] A number of techniques for time-frequency analysis such as short-time Fourier transform (STFT), WignerVille distribution (WVD), and continuous wavelet transform (CWT) are available to decompose complicated signals. These methods can map the signal in a two-dimensional (2D) form in time and frequency domain. However, the time and frequency resolutions using the STFT cannot be improved simultaneously because of the fixed time-bandwidth product from a defined window function. [18] [19] [20] WVD is a joint timefrequency analysis suitable for non-stationary signal processing. But, its produced interference terms can cause misinterpretation of the signal analysis due to the bilinear characteristic. 21 However, the CWT algorithm can give simultaneously both frequency and time information for the vibration event. Unfortunately, its inherent problems in large computational time and fixed-scale frequency resolution discourage further applications in a real circumstance. Also, the effectiveness in identification of transient elements in the dynamic signal depends on the type of the wavelet function. [22] [23] [24] [25] [26] In view of such constraints, the Hilbert-Huang transform (HHT) approach provides multi-resolution in the instantaneous frequencies resulting from the intrinsic mode functions (IMFs) of the signal. Therefore, the vibration signal can be analyzed using IMFs that is extracted from the process of empirical mode decomposition (EMD). It is, however, that HHT may lead to errors in characteristic defect frequencies of the rolling-element bearings. The time resolution also affects its corresponding frequency of the signal significantly. [27] [28] [29] Enhanced FFT model
Background of Fourier transformation
The Fourier transform (FT) analysis is used to reconstruct a periodical waveform by series harmonic components, where harmonic frequency is defined as a multiple of fundamental. If a waveform i s (t) is periodical and satisfies Dirichlet condition, it can be expressed as
where i n = 1=T Ð T 0 i s (t)e Àj2pft dt, and T(= 1=f ) is the period. i 0 is the direct current (DC) component.
For performing FT in a general computer or microprocessor, the time-domain signal must be converted into a discrete form. Accordingly, DFT is then introduced as
where
i s ½n is assumed periodic with the period T. The Fourier fundamental angular frequency (Dv) is defined as
If the waveform is sampled using p(p . 1) periods, then Dv can be represented as
where v 0 = 2p=T . From equation (4), the Fourier fundamental frequency (Df ) can be defined as
where N s = D N =p and T s = D 1=f s . Note that the signal is sampled N points using the sampling rate f s . The waveform power (P) can be expressed using the Parseval relation as 30, 31 
At the frequency f k , the power can be expressed as
where k = 0,1, 2, ., N/2 2 1. The amplitude of the mth harmonic at f k is thus calculated as
where m = 1, 2, ., M.
When the sampling window is not synchronized with the fundamental, the mth harmonic power at f k will disperse over around the f k . Based on the concept of group harmonics, all spilled power around the adjacent harmonics can be collected into a ''group power'' as 32, 33 
where t denotes the group bandwidth.
Therefore, the true harmonic amplitude can be retrieved from collecting all dispersed power as
The proposed enhanced FFT algorithm
The proposed enhanced fast Fourier transform (e-FFT) algorithm is to improve the FFT for suiting nonstationary vibration signal measurement. According to the empirical observation from FFT analysis, the relationship between harmonic frequency and dispersed energy can be classified into small-frequency deviation and big-frequency deviation, illustrated as follows.
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Case 1 for small-frequency deviation is shown in Figure 1 (a); it indicates that the second larger magnitude (A m ½f k+1 ) at f k + 1 is located at the right side of the dominant frequency at f k , where A m ½f k .A m ½f k+1 . In practice, however, f k may be wrongly interpreted as the dominant harmonic frequency. In a real circumstance, the true frequency is found to be equal to f k plus the ''frequency deviation'' (Df k ) defined in equation (11) . It is also found that higher A m ½f k + 1 will introduce more amount of deviation (Df k ) distant from f k . Case 2 for a big-frequency deviation is shown in Figure 1 (b); it reveals the situation that the second larger amplitude (A m ½f k ) at f k is located at the left side of the dominant frequency at f k + 1 , where A m ½f k \A m ½f k + 1 . The f k + 1 can be wrongly interpreted as the dominant harmonic frequency in such a case. Similarly, the true frequency should be equal to f k plus the ''frequency deviation'' (Df k ). Higher A m ½f k + 1 will also introduce more amount of deviation (Df k ) distant from f k . Note that the smalland big-frequency deviations for case 1 and case 2 are defined in the proposed model based on the generic phenomenon of frequency deviation condition. From this principle, the ''small'' and ''big'' only denote the deviation situation or margin rather than a real value. From the above principle, a mathematical model can be deduced from the relation between the frequency deviation amount and dispersed energy distribution. 35 It concludes that the real frequency can be represented by the dominant frequency (f k ) plus ''frequency devia-
The frequency deviation range (FDR) is therefore defined as 35 Df
where Df is determined by N and f s due to Df = f s =N , and t = 0, 1, 2, 3, . . . On the basis of the group-harmonic concept, the collected energy dispersed around the major harmonic can be used for retrieving the original amplitude. Thus, the restored amplitude (RA) can be defined as 35 Figure 1 . Relation between harmonic frequency and dispersed energy: (a) small-frequency deviation and (b) big-frequency deviation. 34 
RA =
The following case is demonstrated for more understanding the idea for the definition of both Df and RA. Assume the signal, that is, v(t) = 0:3 sin (2p Á 670 Á t) + 1:0 sin (2p Á 3180 Á t), contains two major vibration signal frequencies located at 670 and 1250 Hz, and their amplitudes are set as 0.3 and 1, respectively. Please note that f s = 12:8 kHz, N = 128, and t = 3, where Df = 100 Hz. The waveform and its spectrum using FFT are shown in Figure 2 (a) and (b), respectively. It is clear to see some energy dispersed around the neighbor sides at both 700 and 3200 Hz significantly so that FFT is unable to calculate the spectrum accurately because the signal is not stationary.
At 670 Hz, the FDR beyond 600 Hz can be calculated using equation (11) 
This vibration frequency (664 Hz) is found equal to 600 Hz (f k ) plus 64 Hz (Df k ), very close to the actual frequency value (670 Hz).
At 3180 Hz, the FDR beyond 3100 Hz can be calculated using equation (11) This vibration frequency (3178 Hz) is found equal to 3100 Hz (f k ) plus 78 Hz (Df k ), very close to the actual frequency value (3180 Hz).
The f 1 and f 2 are assumed as two arbitrary near major harmonics, where the amplitude of f 1 is bigger than the f 2 . If only one major component exits, f 2 is set as zero. The selection of the group bandwidth (t) is determined by the following rule As stated above, the rule for the selection of the group bandwidth (t= 1À 5) is determined by the distance between two close harmonics locations to avoid overlapping of each other. This principle is developed based on the empirical observation from FFT analysis.
The flowchart of the proposed e-FFT model is shown in Figure 3 , and its implementation procedure is illustrated as follows. Note that the purpose of Figure 3 is to find the FDR and RA for vibration signal spectrum in different locations. Accordingly, the major spectrums of vibration signal can be obtained accurately: 
Experimental results

Measurement calibration setup
For the purpose of measurement calibration, the proposed e-FFT model is first performed using known quantity of hardware signals generated from the function generator. The calibration platform setup is shown in Figure 4 , but the drilling machine is substituted with the function generator. This calibration ensures that the model can be applied to any practical vibration signal analysis without the loss of measurement precision:
1. Function generator. It can generate sine and square waveforms to calibrate the measurement result.
2. Accelerometer amplifier circuit. In Figure 5 , the accelerometer amplifier circuit using accelerometer (PCB352A25/NC) is designed to detect and amplify the vibration signal. It mainly consists of four parts: Part A-buffer circuit: it provides a high-input impedance so that the signal from the accelerometer can be read without loss. Note that DC of 18 V with current regulative diode (CRD) is required to activate the accelerometer. Part B-amplification circuit: it can amplify the detected signal of accelerometer with magnification factor = 158. Part C-clamp circuit: it magnifies the signal 6.8 times but limits the output signal within the 5 V range. Part D-second-order filter: it can filter out the undesired noise signal and allow only 0.6-6 k(Hz) signals to pass through the circuit. 3. Microprocessor (PIC18F4520) with e-FFT model. It is mainly used as the signal-processing tool to implement e-FFT algorithm. The function also includes signal receiving/transmission from/to the Function Generator and the Computer (Data Acquisition and Display System) via RS232/RS485. 4. Data Acquisition System. The system based on LabVIEW package can receive the data (realtime results from e-FFT model) from the microprocessor and then transmit it to the Data Server immediately. Therefore, the data can be thus read from the Data Server and be displayed on the computer instantly. 5. Data Server. The MySQL database is used to receive the data from the Data Acquisition System.
The parameters of e-FFT model are set as f s = 12.8 kHz and N = 128, that is, Df = 100 Hz, for the model performances presented in this section. In this case, the sampling time (N 3 1=f s = 1=Df ) is equal to 0.1 s so that it is sufficient to catch up with slight random of the bearing fault signal in practice.
Experimental platform setup
The experimental platform is set up as shown in Figure 4 , where the drilling machine is the vibration source using 1 hp alternating current (AC) of 110 V motor with 1730 r/min.
Measurement calibration results
To calibrate the measurement, two known waveforms, that is, sine and triangle waveforms, generated from the Function Generator are employed for test, where both low and high frequencies, that is, 440 Hz and 2.06 kHz, are considered. Please note that every waveform is magnified 1074 times from accelerometer amplifier circuit, and the vibration strength, that is, the spectrum, is presented with the unit ''g'' (acceleration of gravity) according to the 2.5 mV/g conversion relation from the accelerometer (PCB352A25/NC) datasheet. The f sin =a sin and f square /a square denote the fundamental frequencies/amplitudes for sine and square waveforms, respectively: In this case, the sine waveform with f sin = 440 Hz and a sin = 0:18g is shown in Figure 6(a) , where the peak amplitude is 1.05 V. In Figure 6(b) , the frequency and amplitude obtained from FFT are found as f sin = 400 Hz and a sin = 0:13g, respectively. Obviously, the spectrum has a considerable spectral leakage so that a big error occurs. However, the spectrum analysis using e-FFT achieves an accurate outcome, that is, f sin = 440 Hz and a sin = 0.17g, almost equal to the real values, as shown in Figure 6 (c).
2. Sine waveform at f sin = 2.06 kHz and a sin = 0.18g
The sine waveform with f sin = 2.06 kHz and a sin = 0.18g is shown in Figure 7 (a), where the peak amplitude is 1.04 V. The spectrum using FFT is obtained as Figure 6 . Signal analysis using sine waveform at 440 Hz: (a) sine waveform, (b) spectrum with FFT, and (c) spectrum with e-FFT.
f sin = 2.1 kHz and a sin = 0.15g, as shown in Figure 7 (b). Similarly, the result has a significant error due to the serious leakage problem. In Figure 7 (c), the spectrum using e-FFT reaches a highly precise measurement outcome, that is, f sin = 2.07 kHz and a sin = 0.18g, almost same as the real values.
3. Square waveform at f square = 440 Hz and a square = 0.24g
The square waveform with f square = 440 Hz and a square = 0.24g is shown in Figure 8(a) , where the peak amplitude is 1.11 V. The spectrum using FFT is obtained as f square = 400 Hz and a square = 0.19g, as shown in Figure 8 (b). It can be seen that the leakage spreads around the major components so that it causes some significant errors. In Figure 8 (c), the spectrum from e-FFT analysis achieves an accurate result, that is, f square = 440 Hz and a square = 0.24g for the The square waveform with f square = 2.06 kHz and a square = 0.24g is shown in Figure 9 (a), where the peak amplitude is 1.13 V. The spectrum using FFT is obtained as f square = 2.1 kHz and a square = 0.21g, as shown in Figure 9 (b). It is found that the leakage spreading around the fundamental component is evident. Therefore, both f square and a square cannot reach a correct outcome. In Figure 9 (c), clearly the spectrum analysis using e-FFT accomplishes a quite satisfactory measurement, that is, f square = 2.07 kHz and a square = 0.24g, almost same as the real values. The comparison between FFT and e-FFT is concluded in Table 1 . We see that the results from e-FFT model are almost identical to the real values, but traditional FFT is unable to achieve a correct analysis. 
Online practical measurement results
To verify the effectiveness of the proposed model for online measurement, the bearing of drilling machine is used as the major vibration source, as shown in Figure 4 , where the vibration signal is acquired and analyzed using FFT and e-FFT for comparison. Also, the accelerometer mounting is placed at the surface of bearing near the cutter for testing. Two cases with the small-and big-size cutters were considered for test, which is given as follows:
1. Performance results for drilling machine using small-size cutter
The vibration spectrum (acceleration of gravity) analysis using small-bore cutter is shown in Figure 10 . The waveform is shown in Figure 10 (a), and its peak amplitude is 1.73 V. The results from FFT and e-FFT measurement are shown in Figure 10 (b) and (c), respectively. With FFT, it is seen that the spectrum spreads widely and disorderly. More importantly, there are two major frequencies found being located at 200 and 300 Hz with a low amplitude below 0.05g. However, the e-FFT model has recovered its actual Figure 10 . Vibration spectrum analysis using small-bore cutter: (a) vibration waveform, (b) spectrum with FFT, and (c) spectrum with e-FFT.
spectrum components more effectively, where the major component is obtained as 260 Hz with 0.05g.
Performance results for drilling machine using big-size cutter
The vibration spectrum analysis using big-bore cutter is shown in Figure 11 . The waveform is shown in Figure 11 (a). Its peak amplitude as 4.66 V implies that the vibration strength is much higher than the case using small-size cutter. The results from FFT and Figure 11 . Vibration spectrum analysis using big-bore cutter: (a) vibration waveform, (b) spectrum with FFT, and (c) spectrum with e-FFT.
e-FFT measurement are shown in Figure 11 (b) and (c), respectively. With FFT, there are totally five major spectrum components beyond 0.05g at different locations. The frequencies are found as 0.90, 1.00, 3.40, 3.70, and 3.80 kHz, and their amplitudes are 0.05g, 0.09g, 0.06g, 0.05g, and 0.07g, respectively. Contrastively, the e-FFT model has successfully regained its major spectrum frequencies as 0.96, 3.36, and 3.76 kHz with respective amplitudes as 0.10, 0.07, and 0.08 g. Obviously, this outcome reveals that only three strong vibration components appear in the vibration signal in reality.
Observation determination of group bandwidth (t), sampled point (N), and sampling rate (f s )
The group bandwidth (t) plays a crucial role in the proposed approach and it should be chosen appropriately. The larger group bandwidth (t) may collect all dispersed power and thus regain the actual amplitude more accurately. However, a large t may lead to a dispersed power overlap within near major vibration harmonics. Consequently, t should be chosen as large as possible but small enough to avoid the overlap between two neighboring vibration harmonics. In this study, the selection rule of t (1-5) has been formulated, depending on the distribution situation of dispersed energy. It is also important to note that the N can be extended to N = 2 m , for example, 64, 128, 256, 512, 1024, ., using f s = 12.8 kHz, where Df = 200, 100, 50, 25, 12:5, . . . , respectively. Correspondingly, the sampling time will be 5, 10, 20, and 40 ms, ., respectively. As can be seen, an increasing N can obtain lower Df to achieve higher resolution, but it will pay for longer sampling time. Hence, both Df and sampling time should come to a compromise, particularly for the instantaneous rate of vibration change to be taken account.
Conclusion
The vibration status caused from rolling-element bearings is a critical health condition of the rotating machinery. Currently, many techniques such as FFT, STFT, and CWT have been reported for timefrequency analysis. However, they may still suffer from less efficiency in analyzing non-stationary signals produced from the rolling machine. The proposed e-FFT model can collect dispersed energy and thus recover its original amplitude effectively. Also, the frequency can be regained using a simple arithmetic computation accurately. Before practical analysis, the model was calibrated with known sine and triangle waveforms to verify its reliability and precision. The group bandwidth (t) is determined between 1 and 5 according to the selection rule of the e-FFT so that it can reach the most correct solution. Based on Df = 100, the sampling time for acquiring vibration signal takes only 0.01 s so that it can react to rapid change of machine vibration. As can be seen from Table 1 , it is evident that the e-FFT model is superior to traditional FFT. Additionally, if the machine is involved in different vibration sources, the influence between each other may not be avoided. For example, it may result in several sideband frequencies due to the effect of linear superposition and nonlinear effects from additional machine vibrations. This problem becomes too complex to be resolved easily by current techniques, particularly in the isolation and diagnosis of the complex bearing signals. Therefore, it is worthy to work out for the future research work.
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